Theoretical investigation of a two-stage buffer gas cooled beam source by Singh, Vijay
Theoretical investigation of a two-stage buffer gas cooled beam source
Vijay Singh1, ∗
1Institute of Physics, Faculty of Physics, Astronomy and Informatics,
Nicolaus Copernicus University, Grudziadzka 5, 87-100 Torun, Poland
(Dated: October 14, 2019)
A novel two-stage helium buffer gas cooled beam source is introduced. The properties of the molecular
beams produced from this source are investigated theoretically using the CaF as a test molecule.
The gas-phase molecules are first produced inside a 3 K helium buffer gas cell by laser ablation and
subsequently cooled down to 3 K by collisions with buffer gas atoms. The precooled molecules are
then extracted into the 0.5 K helium buffer gas cell where they are cooled further down to 0.5 K
by collisions with cold helium atoms. Finally, the cold molecules are extracted out into the high
vacuum through the 0.5 K cell exit aperture and form a molecular beam. The mean forward velocity
and the beam flux are calculated to be 45 m/s and 8×1012 molecules per pulse respectively when
both cells are operated in the so-called hydrodynamic entrainment regime. Using this flux and
Maxwell-Boltzmann probability density function at 0.5 K, the number of the molecules moving with
speeds ≤ 5 m/s is calculated to be 8×109. These slow and intense beams of the cold molecules are
beneficial for efficient magneto-optical trapping of the molecules, investigating sympathetic cooling
of the molecules with ultracold atoms, and performing ultrahigh precision molecular spectroscopy.
I. INTRODUCTION
The collisions of the cold buffer gas atoms with warm
molecules cool their translational and rotational tem-
peratures [1–3]. Thus, cryogenic helium buffer gas-
cooled beams are prerequisite for the laser cooling of
the molecules [4, 5]. Further, the number of photon ab-
sorption and emission cycles required for the laser cooling
of atoms and molecules decrease with their forward veloc-
ity and hence the laser cooling efficiency of the molecules
increases with decrease in their forward velocity [4–8].
In addition to this, the slower beams are also beneficial
for efficient deceleration of the atoms and molecules by
moving trap decelerators [9–11]. This is because the
reduced initial velocity facilitates in producing deeper
traps. This results in increased velocity acceptance and
hence the overall efficiency of the decelerator. Further-
more, the intense and slow beams of buffer gas-cooled
molecules increase the product
√
Nτ , where N is the total
number of molecules that participate in the experiments
and τ is the measurement time. Consequently, they en-
hance the statistical sensitivity of the ultrahigh precision
measurements [12–16].
To extract the maximum number of molecules from the
buffer gas cell into the molecular beam, the buffer gas cell
is operated in the so-called hydrodynamic entrainment
regime [2, 17]. This regime occurs at higher buffer gas
densities such that the collisions of the buffer gas atoms
at the cell exit boost the mean velocity of the molecules
as high as the mean forward velocity (vf =
√
2kBT
m ) of
the buffer gas atoms. Where kB is Boltzmann constant,
and T and m are the temperature and mass of the buffer
gas atoms respectively. This boosting can however be
suppressed partially by collisions of the molecules with
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buffer gas atoms inside a low buffer gas density slowing
cell attached to the main buffer gas cell [4, 18]. But due
to the accelerated diffusion losses inside the low-density
buffer gas cell, the fraction of the molecules extracted
from the cell into the molecular beam is reduced by several
orders of magnitude [17, 18].
This paper introduces a new approach for reducing the
forward velocity of the buffer gas-cooled beams without
compromising the flux of molecules. Our approach is
based on operating the buffer gas cell at the lowest tem-
perature for minimizing the boosting of the molecules.
At 0.5 K, the calculated mean forward velocity of the
helium atoms is 45 m/s and hence the mean forward
velocity of the helium buffer gas-cooled molecules can
be reduced to 45 m/s by lowering the buffer gas cell
temperature down to 0.5 K, even though the cell is oper-
ated in hydrodynamic entrainment regime. Furthermore,
as discussed in Section VIA, the Maxwell-Boltzmann
probability density function (PDF) of slower buffer gas
atoms increases rapidly with decrease in temperature
and hence the flux of the buffer gas-cooled molecules
moving with speeds ≤ 5 m/s is enhanced by a factor
of 25 when the buffer gas cell temperature is lowered
from 4 K to 0.5 K. This enhancement in the flux of the
slower molecules is beneficial for efficient loading of the
molecules into a magneto-optical trap [4, 7], investigating
sympathetic cooling of buffer gas-cooled molecules with
ultracold atoms [19], and performing ultrahigh precision
molecular spectroscopy [12–16].
Using the 4He as a buffer gas, a density of 1015 cm−3 can
be achieved at 0.5 K cell temperature [20, 21]. While this
density is sufficient for the buffer gas cooling of the atoms
and molecules, the heat load on the buffer gas cell from
the vaporization techniques such as laser ablation usually
exceeds the cooling power of the evaporation refrigerators
at 0.5 K [3, 4]. To implement this new approach, avoiding
the heat load on the 0.5 K stage of the helium buffer
gas cell from the laser ablation is therefore a prerequisite.
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2This can be achieved by using a novel two-stage helium
buffer gas cooling technique introduced here.
The first stage helium buffer gas cell is attached to
the second stage of the cryogenic refrigerator and cooled
below 3 K [3, 22]. On the other hand, the second stage
buffer gas cell is attached to the 3He bath and cooled
down to 0.5 K by evaporative cooling [3, 4]. Due to the
significantly higher vapor pressure of the 3He compared to
4He at low temperatures [20, 23], a higher cooling power
can be achieved by pumping on a 3He bath at 0.5 K [24].
The molecules are first vaporized and cooled down to
3 K inside the first stage helium buffer gas cell [25]. These
precooled molecules are then extracted into the second
stage where they are further cooled down to 0.5 K by
collisions with buffer gas atoms. The heat load on the
0.5 K helium buffer gas cell is therefore reduced well below
the cooling power of the 3He evaporation refrigerator at
0.5 K [26].
Our calculations demonstrate that for typically used
buffer gas cell parameters and helium flow rates, the loss of
the molecules inside the buffer gas cells can be minimized
and hence a maximum number of the cold molecules can
be extracted from the buffer gas cells into the molecular
beam. The flux of the cold molecules produced from this
source is calculated using the experimental values of the
number of the CaF molecules produced by laser ablation
and extraction efficiency the molecules from the buffer
gas cell. On the other hand, the forward and transverse
velocities of the molecules are calculated from the buffer
gas temperature. The relevant equations are simplified
and can be utilized straightforwardly for investigating
the properties of buffer gas-cooled beams of any small
molecule in the gas phase [2, 6, 27].
II. FIRST STAGE BUFFER GAS COOLING OF
THE MOLECULES
As shown in Figure 1, the gas-phase molecules are
produced inside the first stage helium buffer gas cell via
laser ablation of a solid CaF2 precursor and subsequently
cooled down to 3 K by collisions with helium atoms. These
precooled molecules are first extracted into the second
stage helium buffer gas cell and subsequently cooled down
to 0.5 K by collisions with cold helium atoms. To extract
the maximum number of the molecules into the 0.5 K
buffer gas cell, the 3 K buffer gas cell is operated in the
hydrodynamic entrainment regime. As discussed in Sec-
tion VIB, the buffer gas cells with conical geometries are
used for circumventing the formation of the vortices in
the helium flow. Thus, the diffusion losses due to the
trapping of the molecules in the vortices are suppressed
and hence the flux of the buffer gas-cooled molecules is
further enhanced [22].
The initial temperature of the CaF is assumed to be
1000 K. Using the hard sphere collision model, the number
of collisions required to thermalize the CaF molecules with
3 K 4He buffer gas can be estimated from Equation 1 [2].
TC = T + (Ti − T ) exp (−C
κ
) (1)
Where TC is the temperature of the molecules after C
collisions with buffer gas atoms, T is the buffer gas tem-
perature, Ti is the initial temperature of the molecules,
κ = (M+m)
2
2Mm , andM andm are the masses of the molecule
and buffer gas atoms respectively. For thermalizing the
CaF molecules with 3 K 4He buffer gas atoms only 100
collisions are sufficient.
The length (l) required to thermalize the molecules with
the buffer gas is related to the number of collisions (C) and
the mean free path (λ = 1/(
√
2σn), by the Equation 2.
l = Cλ
= C/(
√
2σn)
(2)
Where σ is the collision cross-section of molecules with
the buffer gas atoms and n is the buffer gas density.
In steady-state, the buffer gas density inside the cell is
related to the buffer gas flow rate f by the Equation 3 [2].
n ≈ 4f
Av¯
(3)
Where A is the area of the cell exit aperture. The v¯ is
mean thermal velocity of the buffer gas atoms and is given
by the following equation.
v¯ =
√
8kBT
pim
(4)
The kB is the Boltzmann constant. Using Equation 3
and Equation 4, the 4He buffer gas density nHe inside
the first stage of the buffer gas cell can be estimated
from Equation 5.
nHe ≈ 1.2× 1015( f1 SCCM )(
12 mm2
A
)
× (3 K
T
)1/2( m6.6× 10−27 Kg )
1/2 cm−3
(5)
Where SCCM stands for standard cubic centimeter per
minute. For the buffer gas flow rate of 10 SCCM and the
cell with an exit aperture of 4 mm diameter, the calculated
buffer gas density inside the cell is ≈ 1.2×1016 cm−3.
Using Equation 2 and Equation 5, the thermalization
length of the molecules with the 4He buffer gas can be
given by the Equation 6.
l ≈ 6× ( C100)(
10−14 cm2
σ
)(1 SCCM
f
)
× ( A12 mm2 )(
T
3 K )
1/2(6.6× 10
−27 Kg
m
)1/2 cm
(6)
Here σCaF-He is assumed to be 10−14 cm2 [2]. As ex-
pected the thermalization length decreases with increase
in flow rate. For the helium flow rate of 12 SCCM, the
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FIG. 1. A schematic diagram of the two-stage helium buffer
gas-cooled molecular beam source as discussed in the text.
The molecules are produced by laser ablation of a solid sample
(CaF2) and subsequently cooled down to 3 K in a 4 cm long and
5 cm diameter first stage helium buffer gas cell. The molecules
then extracted out through an exit aperture of 4 mm diameter
and enter into a 3 cm long and 5 cm diameter 0.5 K helium
buffer gas cell through an entrance aperture of 5 mm diameter.
The molecules then cooled down to 0.5 K by collisions with
helium atoms. The cold molecules then extracted out into the
high vacuum through a 6 mm diameter aperture and form a
molecular beam. The buffer gas density inside the cell can be
optimized by varying helium flow rate, cell length, and the
diameter of the cell exit aperture. The buffer gas pressure
as low as 10−6 mbar can be maintained inside the vacuum
chamber using a charcoal cryogenic sorption pump [22].
length (l) required to thermalize the molecules with the
3 K helium buffer gas is 0.5 cm. Thus, a few cm long
helium buffer gas cell should be sufficient for the first
stage buffer gas cooling of molecules. The number of
the molecules extracted from the buffer gas cell into the
molecular beam are characterized by the cell extraction
parameter (γe = τdiff/τpump), where τdiff is the diffusion
time of the molecules to the cold cell walls and τpump is
the typical time spent by the molecules inside the buffer
gas cell. For our first stage buffer gas cell, the γe can be
estimated from the Equation 7 [2].
γe =
σf
Lv¯
≈ 1.1× ( σ10−14 cm2 )(
f
12 SCCM )
× (4 cm
L
)(3 K
T
)1/2( m6.6× 10−27 Kg )
1/2
(7)
For our helium buffer gas cell length (L) of 4 cm, and
buffer gas flow rate of 12 SCCM, γe ≈ 1.1. Thus, the
cell will operate in hydrodynamic entrainment regime
(γe ≥ 1).
It has been observed in previous experiments that the
number of CaF molecules as high as 5×1013 can be pro-
duced in each ablation pulse [28]. In addition to this, the
extraction of over 40% of the buffer gas-cooled molecules
from the buffer gas cell into the molecular beam has been
observed [17], when the buffer gas cell is operated in hy-
drodynamic entrainment regime. With this extraction
efficiency, the number of the buffer gas-cooled molecules
transmitted through the 3 K buffer gas cell exit aperture
are ≈ 2× 1013 per pulse. This extraction of the molecules
can be further increased by using an optimized buffer gas
cell geometry [22].
Owing to their larger mass, the mean thermal velocity
of the CaF molecules inside the buffer gas cell is smaller
than that of the buffer gas atoms. At the cell exit, the
collisions of the buffer gas atoms boost the mean forward
velocity of the molecules. The number of collision between
the molecules and buffer gas atoms can be estimated
from Equation 8 [2].
d
λ
≈ Re2 (8)
Where d is the diameter of cell exit aperture and Re is
the Reynolds number. Using Equation 2, Equation 3,
and Equation 8, the Reynolds number can be given by
the following equation.
Re ≈ 10σfd
Av¯
≈ 8.6× ( σ10−14 cm2 )(
f
1 SCCM )
× (4 mm
d
)(3 K
T
)1/2( m6.6× 10−27 Kg )
1/2
(9)
The Reynolds number increases with buffer gas flow rate.
For the helium flow rate of 12 SCCM, the Reynolds num-
ber ≈ 100. At the cell exit, the number of collisions of
molecules with buffer gas are ≈ 50. In each collision with
buffer gas atom, the change in the forward momentum of
the molecules ≈ mv¯. Thus, the corresponding change in
the forward velocity (Remv¯/2M) of the molecules can be
estimated from Equation 10.
∆vmol,‖ ≈ 40× ( σ10−14 cm2 )(
f
1 SCCM )(
4 mm
d
)
× ( m4 amu )(
59 amu
M
) m/s
(10)
The number of collisions between the molecules and the
buffer gas atoms increase with buffer gas flow rate. At
12 SCCM helium flow rate, the forward velocity of the
molecules is expected to be boosted to the forward velocity
(vf =
√
2kBT
m ) of the buffer gas atoms, i.e. 110 m/s.
Further, the transverse velocity of the buffer gas inside
the cell (vcell) can be approximated by Equation 11 [29].
vcell ≈ v¯ × ( d
dcell
)2 ≈ 0.8× ( d4 mm )
2(50 mm
dcell
)2
× ( T3 K )
1/2(6.6× 10
−27 Kg
m
)1/2 m/s
(11)
Where dcell is the cell diameter. For the helium buffer gas
cell with 50 mm diameter, vcell ≈ 0.8 m/s. The change in
the transverse velocity (Remvcell/2M) of the molecules
due to the collisions with buffer gas atoms at the cell exit
can be estimated from Equation 12.
∆vmol,⊥ ≈ 0.2× ( σ10−14 cm2 )(
f
1 SCCM )(
d
4 mm )
× (50 mm
dcell
)2( m4 amu )(
59 amu
M
) m/s
(12)
4The change in the transverse velocity of the molecules
also increases with increase in the buffer gas flow rate. At
12 SCCM, the change in transverse velocity ≈ 2.4 m/s.
Assuming a 4 mm initial beam spread (size of the exit aper-
ture), the calculated transverse molecular beam spread
1 cm away from the first stage buffer gas cell exit ≈
4.4 mm [30]. Thus, using a 5 mm diameter entrance
aperture, all the precooled CaF molecules transmitted
from the first stage buffer gas cell can be extracted into
the second stage buffer gas cell. The distance between the
cells can indeed be optimized for extracting the maximum
number of the molecules from first stage buffer gas cell
into the second stage buffer gas cell.
III. SECOND STAGE BUFFER GAS COOLING
OF THE MOLECULES
To suppress the diffusion losses and hence extracting
the maximum number of the molecules from the cell into
the molecular beam, the 0.5 K helium buffer gas cell is
also operated in the hydrodynamic entrainment regime.
From Equation 1, the number of collisions of the CaF
molecules with helium buffer gas atoms required to cool
them from 3 K down to 0.5 K is 50. For a helium flow rate
of 5 SCCM and the cell exit aperture of 6 mm diameter,
the thermalization length of the molecules with the 0.5 K
helium buffer gas calculated using Equation 6 is 0.6 cm.
For this flow, the helium buffer gas density estimated
from Equation 5 is ≈ 6× 1015 cm−3.
With a helium buffer gas length of 3 cm, the calculated
extraction parameter is γe ≈ 1.5. Thus, the cell will
operate in hydrodynamic entrainment regime and over
40% of the buffer gas-cooled molecules out of the 2×
1013 can be extracted from the cell into the beam [17].
Thus, the flux of produced CaF molecules per pulse is ≈
8×1012. It is worth mentioning that the flux of the cold
atoms and molecules produced from a buffer gas-cooled
beam source largely depends on the vaporization yield.
It has been observed that the high purity (99.9%) solid
precursors yield higher fluxes of cold atoms and molecules
as compared to the smaller purity (95%) precursors [3, 28].
On the other hand, the mean forward velocity of the
molecules in the beam depends upon the buffer gas tem-
perature and the number of the collisions of molecules
with the buffer gas atoms at the cell exit aperture. For
the second stage helium buffer gas cell parameters, the
estimated Reynolds number from Equation 9 is 70. The
number of collisions of molecules with buffer gas atoms is
≈ 35. From Equation 10, it is clear that these collisions
are sufficient to boost the forward velocity of the molec-
ular beam to the forward velocity (vf =
√
2kBT
m ) of the
buffer gas atoms. At 0.5 K, the CaF will acquire a mean
forward velocity of 45 m/s.
As discussed in Section VIA, at 0.5 K, the Maxwell-
Boltzmann PDF of the helium atoms moving with speeds
≤ 5 m/s is 0.001. In the hydrodynamic entrainment
regime, the velocity distribution of the molecules is sim-
ilar to that of the buffer gas atoms. Thus, the flux of
the CaF moving with speeds ≤ 5 m/s is 8×109 molecules
per pulse. These very slow and intense beams of the cold
molecules can be directly loaded into a magneto-optical
trap and hence paving the way for efficient laser cooling
of the molecules [4, 7]. In addition to this, these very
slow and high flux beams of the molecules can be utilized
for investigating the sympathetic cooling of the buffer
gas-cooled molecules with ultracold atoms [19]. Further-
more, such very slow and intense beams of the buffer
gas-cooled molecules can also be utilized for searching
the electric dipole moment of the electron [12, 13] and
measurements of the parity-violating energy difference
between enantiomers of the chiral molecules [14, 15].
IV. CONCLUSION
In conclusion, a novel two-stage buffer gas-cooled beam
source is introduced. The vaporization and precooling
of the molecules inside the first stage 3 K helium buffer
gas cell suppresses the heat load on the second stage and
hence facilitates the operation of the second stage buffer
gas cell at 0.5 K with the repetition rates over 20 Hz.
At this temperature, the mean forward velocity and the
flux of the CaF beam are calculated to be 45 m/s and
8×1012 molecules per pulse respectively, when both buffer
gas cells are operated in the hydrodynamic entrainment
regime. Using this flux and Maxwell-Boltzmann PDF at
0.5 K, the number of the molecules moving with speeds
≤ 5 m/s is calculated to be 8×109. These very slow and
intense beams of the cold molecules produced from our
two-stage buffer gas-cooled beam source can be utilized
for a wide diversity of molecular physics experiments such
as efficient magneto-optical trapping of the molecules and
performing ultrahigh precision molecular spectroscopy.
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VI. APPENDIX
This section presents the calculations of the Maxwell-
Boltzmann PDF of the speeds of the helium atoms at
low temperatures, simulation of helium behavior inside
the buffer gas cells, and the required helium flow rate for
10 mW cooling power of the helium bath. The Maxwell-
Boltzmann PDF of helium atoms indicates that the frac-
tion of the molecules moving with speeds below 10 m/s
can be significantly enhanced by lowering the cell tem-
perature. Furthermore, the simulated helium behavior
inside the buffer gas cells shows that the diffusion losses
to the cold cell walls can be minimized by using the buffer
gas cells with conical geometry. On the other hand, the
calculated heat loads on the first and second stages of
the cryogenic refrigerator as well as on the 3He bath are
well below their corresponding cooling powers. Thus, it is
technically feasible to design a two-stage buffer gas-cooled
beam source with the parameters considered here.
A. Maxwell-Boltzmann probability density
function of helium atoms at low temperatures
For helium buffer gas atoms, we have calculated the
Maxwell-Boltzmann PDF, fv(v), using the following equa-
tion.
fv(v) = 4piv2
√
m
2pikBT
exp(− mv
2
2kBT
) (13)
The calculated PDF for helium atoms moving with a speed
below 10 m/s at low temperatures is shown in Figure 2. As
expected, the fraction of the slower molecules increases
rapidly with decrease in temperature. The calculated
sums of the PDFs for 0 - 5 m/s, 0 - 10 m/s, 0 - 20 m/s, and
0 - 50 m/s speed ranges at low temperatures ranging from
0.3 K to 4 K are shown in Table I. In the hydrodynamic
entrainment regime, the speed distribution of the buffer
gas cooled molecules is similar to that of buffer gas atoms.
Thus, these PDF values are used for calculating the flux
of the slower molecules in the molecular beams produced
from our two-stage buffer gas cooled beam source. The
total flux of the CaF produced from this source is 8 × 1012
molecules per pulse. Using this flux and PDF values of
helium at 0.5 K, the flux of the CaF moving with speeds
below 5 m/s, 10 m/s, 20 m/s, and 50 m/s are calculated
to be 8 × 109, 6 × 1010, 4 × 1011, and 4 × 1012 molecules
per pulse respectively.
B. Simulation of helium behavior inside the buffer
gas cells
To determine the optimum geometry of our buffer gas
cells, we have simulated the helium flow-fields inside the
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FIG. 2. Calculated Maxwell-Boltzmann PDF of helium buffer
gas atoms at low temperatures. The fraction of the slower
atoms increases rapidly with decrease in the buffer gas tem-
perature.
buffer gas cells using a finite-element solver, COMSOL
Multiphysics with laminar flow interface [31], treating
helium as an ideal gas in the temperature range 3-0.5 K.
For 12 SCCM of helium flow and a pressure of 10−6 mbar
outside the cell exit, the resulting flow fields are shown
in Figure 3 as slices through the cylindrically-symmetric
cell volume, i.e., in r, z space. From the simulations, we
have extracted the helium pressures inside the cells. These
extracted values are shown in Table II and are in a good
qualitative agreement with the calculations.
Furthermore, the simulations show that the planar
cell geometries produce vortices in the flow fields at the
cell corners. This can be circumvented by the use of
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FIG. 3. Simulations of the helium flow-field for two differ-
ent geometries of the cryogenic cells. (a) Cells with conical
entrance and conical exit. (b) Cells with planar entrance
and planar exit. Depicted are streamlines with the helium
flowing from left to right. For clarity, only one half of the
cylindrically-symmetric r, z-plane is shown.
7TABLE I. Calculated fv(v) for helium atoms from 0.3 K to 4 K.
T (K) fv(0-5 m/s) fv(0-10 m/s) fv(0-20 m/s) fv(0-50 m/s)
0.3 0.002 0.02 0.11 0.74
0.5 0.001 0.008 0.06 0.51
1 0.0004 0.003 0.02 0.3
2 0.0001 0.001 0.008 0.1
4 0.00004 0.0004 0.003 0.04
TABLE II. Simulated helium pressures at 12 SCCM helium flow rate.
region pressure (mbar) density (cm−3)
3 K cell (z = 1 to z = 51) 0.03 7.2×1016
between the cells (z = 51 to z = 61) 0.02 4.8×1016
0.5 K cell (z = 61 to z = 111) 0.003 4.3×1016
0.5 K cell exit (z = 111) 0.002 2.8×1016
conical cell geometry, which results in an overall laminar
flow. The hot CaF molecules introduced into the cell are
thermalized with the buffer-gas before reaching to cell
exit and hence follow the streamlines. The presence of
vortices in the flow-field can therefore lead to trapping of
the molecules and eventually loss to the cell walls. On
the other hand, the laminar flow produced by a conical
cell geometry avoids these diffusion losses and, therefore,
allows entraining maximum number of the molecules into
the beam [22]. Thus, the buffer gas cells with conical
extrance and conical exit are beneficial for extracting the
maximum number of the molecules from the proposed
two-stage buffer gas-cooled beam source.
C. Calculated mass flow rate for 10 mW cooling
power of the helium bath
At 0.5 K, the 3He vapor pressure = 0.2 mbar [20, 23].
The latent heat of vaporization of the 3He is Lv =
8.5 J/gm at 3.2 K temperature and 1 bar pressure. One
gram of 3He contains 2 × 1023 atoms.
Thus, the latent heat of vaporization Lv = 4.25 ×
10−23 J/atom. The number of atoms (NA) contained
by 1 L of 3He at T = 0.5 K and P = 0.2 mbar can
be calculated from the ideal gas law PV = NAkBT .
NA = (0.2 mbar)(1 L)/((1.38× 10−23 J/K)(0.5 K)) =
(20 Pa)(0.001 m3)/((1.38 × 10−23 J/K)(0.5 K)) = 30 ×
1020. Thus, at T = 0.5 K and P = 0.2 mbar, Lv = (4.25
× 10−23 J/atom) (30 × 1020 atom/L) = 0.13 J/L.
To achieve a cooling power of 10 mW, the boil off rate =
(10 mW/0.13 J/L) = 0.078 L/s. Operating the refrigerator
continuously, the liquid 3He flow into the helium bath
must be equal to the boil off rate. Thus, the required
flow through the helium condenser (3 K, 1 bar) calculated
using ideal gas law = (0.2 mbar/1 bar) (3 K/0.5 K)
(0.078 L/s)= 9.4 × 10−5 L/s. At T = 3 K and P = 1
bar, this corresponds to a gas flow of NA = PV/kBT
= (100000 Pa)(9.4 × 10−5 L/s)(0.001 m3/L)/ ((1.38 ×
10−23 J/K) (3 K)) = 2.3 × 1020 atom/s = (2.3 × 1020
atom/s) (1 gm/2 × 1023 atom) = 1.2 mg/s.
D. Calculated heat load on the first stage of the
refrigerator
At the first stage both 3He (evaporated from the helium
bath) and 4He (used for helium buffer gas cooling) are
required to be cooled down from 300 K to 30 K. The 3He
mass flow rate = 1.2 mg/s. The 4He flow rate = 20 SCCM
(over estimated) = (20 × 4.5 × 1017)(4 gm/s)/(6.023 ×
1023) = 0.06 mg/s. The total heat load on the first stage of
the cryogenic refrigerator = ((1.2 + 0.06) mg/s)(5.2 J/(gm
K))(270 K) = 1.8 W. This load is much smaller than the
cooling power (55 W at 45 K) of the cryogenic refrigerator
(CRYOMECH: PT420).
E. Calculated heat load on the second stage of the
refrigerator
At the second stage, the 3He required to cool from 30
to 3 K and convert from gas to liquid, the 4He needs to
be cooled from 30 to 3 K, and molecules are vaporized by
10 mJ laser pulse with 20 Hz repetition rate by laser abla-
tion in the first stage of the buffer gas cell attached to the
second stage. The the total heat load on the second stage
= (1.2 mg/s)(5.2 J/(gm K))(27 K) + (1.2 mg/s)(8.5 J/gm)
+ (0.06 mg/s)(5.2 J/(gm K))(27 K) + (10 mJ)(20 pulse/s)
= 0.4 W. This heat load is significantly smaller compared
to the second stage cooling power (2 W at 4.2 K) of the
cryogenic refrigerator.
8F. Calculated heat load on the 0.5 K stage of the
buffer gas cell
The 20 SCCM flow from the first stage of the buffer gas
cell required to be cooled down from 3 K to 0.5 K on the
second stage of the buffer gas cell attached to the helium
bath. Thus, the heat load on the 0.5 K helium bath =
(0.06 mg/s)(5.2 J/(gm K))(2.5 K) = 0.8 mW. Further,
the heat load from cooling of the 2 × 1013 CaF molecules
from 3 K to 0.5 K with 20 Hz repetition rate is below
0.1 mW [32]. Thus, the total heat load on the 0.5 K stage
is much smaller compared to the targeted cooling power
(10 mW) of the helium bath.
